On the Applicability of The Dissociation Theory to the Electrolysis of Aqueous Solutions Containing two Electrolytes with a Common Ion by MacGregor, J. G.
Volume VIII. March i8gg. Number j . 
T H E 
PHYSICAL REVIEW. 
ON T H E APPLICABILITY OF T H E DISSOCIATION 
THEORY TO T H E ELECTROLYSIS OF AQUEOUS 
SOLUTIONS CONTAINING TWO ELECTRO-
LYTES WITH A COMMON ION. 
BY J. G. MACGREGOR. 
SCHRADER,1 Hopfgartner,2 and Hoffmeister3 have recently published valuable researches on the electrolysis of aqueous so-
lutions containing two electrolytes with a common ion, determining 
the amounts of the distinctive ions, in each case, transferred by the 
current across a section of the cell. The main object of these re-
searches was the determination of the effect produced on the state 
of ionization of an electrolyte in solution by the addition of differ-
ent quantities of a second electrolyte ; and although electrolytic 
observations are subject to so large an experimental error that ion-
ization coefficients determined by means of them cannot be expected 
to have any high degree of accuracy,4 it was found possible in some 
cases to show that the effect produced on the state of ionization of 
1
 Zur Elektrolyse von Gemischen, Inaug. Diss., Berlin, 1897 ; also Ztschr. f. Elektro-
chemie, 3, 498. 
2
 Ztschr. f. phys. Chemie, 25, 115, 1898. 
sIbid., 27, 345, 1898. 
4
 Hoffmeister, for example, determined the values of the equilibrium constant (z. <?., 
the ratio of the frequency of the recombination of free ions to the frequency of the dis-
sociation of molecules) for AgN03 in a series of solutions containing also HN03 , and 
found them to be 1.12, 1.30, 1.45, 1.04, 1.57, the dilutions of the solutions with respect 
to AgN03 ranging from 1.11 to 10 liters per grm.-mol. According to the dissociation 
theory, the above ratio should not vary with dilution. 
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one electrolyte by the presence of another in the same solution was 
of the kind required by the dissociation theory. 
The observations referred to may be employed to test the appli-
cability of this theory, in a more satisfactory way, by determining 
the ionization coefficients in the complex solutions independently 
of the electrolytic results, finding by calculation what the relative 
amounts of the distinctive ions transferred by the current ought to 
be according to the theory, and comparing the calculated with the 
observed values. I have applied this test in the case of all the so-
lutions referred to above for which the requisite data are available, 
viz. Schrader's containing KI and KC1, and H2S04and CuS04, and 
Hopfgartner's containing NaCl and HC1, and BaCl2 and HC1. The 
results are given below. 
According to the dissociation theory, if a solution contain Nv N2 
grm.-equivalents per liter of two electrolytes, I and 2, having a 
common ion, if av a2 are their ionization coefficients, /jt^1} [i(X>2 their 
equivalent conductivities at infinite dilution and vv v2 the Hittorf s 
transference numbers for the distinctive ions, the ratio of the num-
ber of grm.-equivalents of the distinctive ion of I to the number 
of grm.-equivalents of the distinctive ion of 2, transferred by the 
current across a section of the cell (we may call this ratio the trans-
ference ratio for the distinctive ions), is given by the expression 
a^v^^J a2N2v2fi^ 
provided the solution is sufficiently dilute. 
In applying this expression to the above observations, the only 
quantities involved whose determination presents any difficulty are 
the a's and the v's ; for the N's were of course determined by the 
observers, and Kohlrausch1 has determined the jujs for a tempera-
ture which is either the same, or sufficiently nearly the same, as that 
at which the electrolytic observations were made.2 
The a's were determined, in the case of each solution considered, 
from the following equations : 
(a) « i / ^ i = « 2 / f / 2> 
iWied. Ann., 50, 406, 1893. 
2
 Schrader does not give his temperature, which I assume therefore to have been the 
ordinary temperature of a laboratory, not far from 18° C. 
No. 3.] ELECTROLYSIS OF AQUEOUS SOLLTIONS. I 3 I 
where Vv V2 are the regional dilutions of electrolytes 1 and 2, 
(i. e.y the quotients of the volumes1 of those regions in unit volume 
of the solution which may be imagined to be occupied by 1 and 2 
respectively, by the numbers Nv N2 of grm.-equivalents of these 
electrolytes in unit volume of the solution). This equation ex-
presses the condition of dissociational equilibrium. 
(*) NxVx + N2V2=i, 
an equation which asserts the equality of the volume of the solu-
tion to the sum of the volumes of the regions referred to ; 
(c) aj Vx=fx(Vx), and aj F 2 =/ 2 (F 2 ) , 
equations expressing the concentration of ions in the regions re-
ferred to, and at the temperature of the experiments, as functions of 
the dilutions of the respective electrolytes in those regions, the func-
t ions /^ ,^ being assumed to be the same as those by which the 
ionic concentrations of simple solutions of the respective electrolytes 
would be expressed in terms of their dilution, and being determined 
empirically in each case from observations of the conductivity of 
simple solutions, on the assumption that the ionization coefficient 
for a simple solution is equal to the quotient of its equivalent con-
ductivity by its equivalent conductivity at infinite dilution. 
These equations were solved graphically. Curves were plotted 
for simple solutions of both electrolytes with concentrations of ions 
as abscissae and dilutions as ordinates, and points were found on 
these curves having the same abscissa (ax / V1 = a2 / V2) and having 
ordinates such as would satisfy the condition (b). The common 
value of ax / Vx and a2 / V2 and the corresponding values of Vx and 
V2 were then read off, and ax and a2 were determined by multipli-
cation.2 
That this method gives closely approximate values of what the 
ionization coefficients must be taken to be in such solutions, accord-
1
 In the case of solutions which are so dilute that they might be prepared by the 
mixture of simple solutions of I and 2, without the occurrence of any change of volume 
on mixing, the volumes of these regions will be the volumes of the isohydric simple solu-
tions of 1 and 2, by the mixing of which unit volume of the given complex solution would 
be produced. 
2
 For a discussion of the above equations and the graphical method of solving them, 
see Trans. Nov. Scot. Inst. Sci., 9, 101. 
132 / . G MACGREGOR. [VOL. VIII . 
ing to the dissociation theory, is borne out by the fact that it has 
been found possible by their aid to calculate within the limits of 
observational error the conductivity of dilute solutions containing 
NaCl and KC1,1 NaCl and HC1,2 NaCl and BaCl2,3 K2SO, and 
Na2S04,4 and ZnS04 and CuS04,5 and by means of coefficients deter-
mined in a similar way from equations applicable to the case of so-
lutions containing two electrolytes with no common ion, to calculate 
the conductivity of dilute solutions containing NaCl and K2S04.6 
It should be noted that the above method assumes the ionization 
coefficient for a simple solution to be equal to the ratio of the equiv-
alent conductivity to the equivalent conductivity at infinite dilution, 
and will, therefore, give exact values only at extreme dilution, and 
only provided (i) the mode of ionization of each electrolyte in a 
solution is the same for all molecules and for all concentrations, and 
(2) association of molecules to form complex molecules does not 
occur. 
The conductivity data used in determining the ionization coeffi-
cients were Kohlrausch's7 for all the electrolytes and Mcintosh's, 
McKay's and Archibald's observations given in the papers just 
cited. The data were fairly complete for the chlorides and copper 
sulphate, but meagre for potassium iodide and sulphuric acid. 
The relation of the Hittorf transference numbers for the ions of 
electrolytes in a complex solution, to their values for simple solutions, 
is not definitely fixed by the dissociation theory as at present devel-
oped. It is usual to assume that if the solution is dilute the transfer-
ence number, v, for the anion or cation of each electrolyte is the 
same as in a simple solution of concentration equal to the concen-
tration of the complex solution with respect to such electrolyte (as-
sumption a). But if, as this assumption implies, the velocities of the 
ions of one electrolyte in a sufficiently dilute solution are not influ-
enced directly by the presence of other electrolytes, they must also 
be regarded as not being influenced by the presence of their own un-
dissociated molecules. It would thus seem to be more in line with 
the dissociation theory to assume (assumption b) that the v for an elec-
iPhil. Mag. (5), 41, 276 (1896). 5Archibald, Ibid., 9, 307. 
2McIntosh, Ibid. (5), 41, 510 (1896). 6 Phil. Mag. (5), 45, 151 (1898). 
3
 McKay, Trans. N. S. Inst. Sci., 9, 321. 7Wied. Ann., 26, 196 (1885). 
4
 Archibald, Ibid., 9, 291. 
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trolyte in a dilute complex solution has the same value as it would 
have in a simple solution with concentration of ions equal to the con-
centration of the complex solution with respect to the free ions of 
such electrolyte. For infinitely dilute solutions the two assumptions 
are indistinguishable; but for moderate dilution the second may be 
expected to give the better results. I have made the calculations of 
transference ratio for the various solutions on both assumptions and 
find that assumption b gives results which are in slightly better 
agreement with the observations than assumption a. The results 
given below are those obtained with assumption b. 
The values of the transference numbers used in the calculations 
were obtained by the aid of Hopfgartner's1 observations of their 
values for series of simple solutions of NaCl, HCl and BaQ2 and 
the observations on the other electrolytes given in Kohlrausch's2 and 
Fitzpatrick's3 tables. The ionization coefficients av a2 of the elec-
trolytes in a solution having been determined, the concentrations 
axNv o.JSf^ of the solution with respect to the distinctive ions were 
found. The concentrations of the simple solutions of 1 and 2 having 
these concentrations of ions were then determined graphically by 
means of the dilution—ionic-concentration curves required for find-
ing the a's, and the transference numbers for the proper ions of sim-
ple solutions of these concentrations were obtained by graphical 
treatment of the data just referred to. 
SOLUTIONS CONTAINING NaCl AND HCl. 
The only series of solutions for which the data were all quite 
satisfactory and the number of observations of transference ratio not 
too few to give a definite result, was Hopfgartner's series containing 
NaCl and HCl; and fortunately in this case no question can arise 
as to mode of ionization. The results of the calculations are con-
tained in Table I., which gives the concentrations (in grm.-eq. 
per liter) of the complex solutions with respect to each electrolyte, 
the ionization coefficients found by the method referred to above, 
and the observed and calculated values of the transference ratio 
1
 Loc. cit. 
^Wied. Ann., 50, 406 (1893). 
3
 Br. Ass. Report, Nottingham, 1893. 
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(ratio of number of gramme-ions of sodium (MNa) to number of 
gramme-ions of hydrogen (MJJ), transferred by the current. To 
test the accuracy of the ionization coefficients, I have calculated the 
equilibrium constants for NaCl and H CI, respectively, by the 
formulae : 
The values found are given in the table. 
TABLE I. 
Solutions containing NaCl and HCL 
Concentration 
with respect to 
NaCl 
0.1 
.2 
.5 
.8 
.9 
HC1 
0.9 
.8 
.5 
.2 
.1 
Ionization 
coefficients for 
NaCl 
.6596 
.6664 
.6734 
.6741 
.6759 
HCl 
.7892 
.7909 
.7986 
.8036 
.8061 
Equilibrium 
constants for 
NaCl 
1.504 
1.530 
1.518 
1.448 
1.437 
HCl 
2.906 
2.897 
2.918 
2.864 
2.864 
Transference Ratio — MNJMH. 
Ob-
served. 
.01511 
.03142 
.1024 
.5336 
.9469 
Calcu-
lated. 
.01230 
.02782 
.1101 
.4303 
.9610 
Differ-
ence. 
-.00281 
-.00360 
+.0077 
-.1033 
+.0141 
Diff. per 
cent. 
-18.6 
-11.5 
+ 7.5 
-19.4 
+ 1.5 
It will be noticed that the values of the equilibrium constants 
vary somewhat, the extreme differences being about 6 per cent, for 
NaCl and 2 per cent, for HCl. When we reflect that any percentage 
error in the a's is increased two or three times in the C's the agree-
ment is seen to be sufficient to justify considerable confidence in the 
a's. 
The agreement between the calculated and observed values of the 
transference ratio is quite satisfactory so far as the signs of the dif-
ferences are concerned, and not very unsatisfactory as regards their 
magnitude ;x but the negative differences are somewhat too large 
relatively to those of positive sign. If we plot the calculated and 
observed values respectively against ratio of amount of NaCl to 
amount of HCl in solution (the solutions had all the same total con-
centration), the calculated curve is found to be practically a straight 
1
 The observed values are means of from two to four observations on the same solut-
ions, the means differing from the most divergent individual values by 15, 15, 21, 9.7 
and 5.2 f0 for the respective solutions. 
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line. The curve of observed values zigzags about this line. The 
observations are too few to render it possible to draw in with confi-
dence the most probable smooth curve of observed values ; but if the 
observed values be assumed to be representable by a straight line, this 
line would be slightly less inclined to the transference ratio axis than 
the line of calculated values. This relation of the two lines would be 
produced if the more rapidly moving H ions hurried on the more 
sluggish Na ions and were in turn retarded by them, an effect which 
may possibly be produced when the current is conveyed by two sets 
of distinctive cations. Notwithstanding the slight inclination of 
the line of observed values to the line of calculated values, the cal-
culated values are clearly within the limits of observational error, 
these limits being, however, necessarily wide. Consequently, in the 
case of these solutions, the dissociation theory is shown to satisfy 
the most severe test, which can at present be applied, with regard 
to its capability of accounting for the results of electrolysis. 
SOLUTIONS CONTAINING KI AND KC1. 
Unfortunately the data as to both conductivity and transference 
numbers for KI are meagre, and the number of solutions examined 
by Schrader was but four. Table II. contains the results of the cal-
culations. 
TABLE II. 
Solutions Containing KI and KCL 
Concentration 
with respect to 
KI 
.02595 
.03442 
.03074 
.01992 
KC1 
.02571 
.04748 
.06176 
.03720 
Ionization 
coefficients for 
KI 
.9071 
.8644 
.8700 
.8928 
KCl 
.9020 
.8583 
.8611 
.8822 
Equilibrium 
constants for 
KI 
0.466 
.449 
.534 
.423 
KCl 
0.430 
.427 
.495 
.379 
Transference Ratio— MilMCh 
Ob-
served. 
.9968 
.7037 
.5000 
.4864 
Cal-
culated. 
1.0050 
.7228 
.4968 
.5353 
Differ-
ence. 
+ .0080 
-f .0191 
— .0032 
4- .0489 
Diff. 
per cent. 
+ 0.8 
+ 2.7 
— 0.6 
+10.1 
The variation in the calculated values of the equilibrium constants 
is greater than in the former case, as indeed was inevitable consid-
ering the small amount of information at command as to the varia-
tion of the conductivity of solutions of the iodide with concentration. 
The agreement is such, however, as to warrant some confidence in 
the ionization coefficients. 
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The agreement between calculated and observed values of the 
transference ratio is also less satisfactory than in the former case, 
the positive differences being too large relatively to the single nega-
tive difference. But, all things considered, it may be said to be at 
any rate consistent with the calculability of the transference ratio. 
SOLUTIONS CONTAINING BaCl2 AND HC1. 
The data for these solutions are fairly complete ; but there are 
only three observed values, and the mode of ionization of BaCl2 is, 
of course, doubtful. Table III. contains the results of the calcula-
tions, the equilibrium constants being determined, on the assump-
tion that BaCl2 dissociates into Ba and 2 CI, by the formulae 
alN1(a1Nl+ a.2N2f «AK^ + «A) 
BaCl2 being electrolyte i. 
TABLE III. 
Solutions containing BaCl2 and HCl. 
Concentration 
wi th respect to 
^BaCl 2 
0.2 
.5 
.6667 
HC1 
0.8 
.5 
.3333 
Ionization 
coefficients for 
BaCl2 
.5409 
.5508 
.5603 
HC1 
.7975 
.8092 
.8115 
Equilibrium 
constants for 
BaCl2 
0.656 
.567 
.529 
HCl 
2.939 
2.884 
2.788 
Transference Ratio — My2Ba\MH 
Obs'ved. 
.0120 
.0487 
.0934 
Calcu-
lated. 
.0136 
.0519 
.1041 
Differ-
ence. 
+.0016 
+.0032 
+.0107 
Diff. per 
cent. 
+ 13.3 
+ 6.8 
+11.5 
The equilibrium constants show considerable variation, the ex-
treme differences being about 25 % for BaCl2 and 6% for HCl. This 
was to be expected ; for in simple solutions of BaCl2 these constants 
vary about six times as rapidly as in the case of solutions of NaCl. 
Although, therefore, the inevitable errors in the a's have a greater 
effect on the result in the former than in the latter, some additional 
source of error would seem to be indicated by this greatly increased 
variation, possibly the dissociation of BaCl2 to a small extent into 
BaCl and CI as ions. 
The agreement between the transference ratio values is accord-
ingly not so good as in former cases, the differences, though of the 
same order of magnitude as before, being all positive. Considering 
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the wide limits of the observational error, however, and the small 
number of observations, the result cannot be said to be inconsistent 
with the calculability of the transference ratio, even on the doubtful 
assumption of uniformity in the mode of ionization of the barium 
salt. 
SOLUTIONS CONTAINING H2S04 AND C U S 0 4 . 
The conductivity data for CuS04 are good and sufficient; for 
H2S04 they are good, though meagre. If the solutions really con-
tained only two electrolytes with a common ion, and if each elec-
trolyte had only one mode of ionization, fairly good values of the 
a's might be expected. But the H2S04 may dissociate into either 
2H and S0 4 or H and HS04 . According to Ostwald1 it may be 
expected to dissociate in both ways in solutions of moderate dilution, 
like Schrader's. If so, the acid sulphate of copper Cu(HS04)2 may 
be expected to form by association of free ions. And quite independ-
ently of the mode of ionization this salt may form by the association 
of molecules. That it will form is rendered probable by the fact 
that the acid sulphates of several metals allied to copper are known. 
In these solutions, therefore, we have possibly solutions of very great 
complexity to deal with. 
Not knowing what the constitution of the solutions really is, I 
have assumed the acid to dissociate wholly into 2H and S0 4 and 
the acid salt not to form, this being the only assumption which I 
could use as a basis of calculation. The expressions used for the 
equilibrium constants accordingly were : 
r - fa^V^i + a^ r - °^^Ni + aA) 
C>- ( i -oJ iVi '• L>-~ 2{l-a2)N2 ' 
H2S04 being electrolyte 1. Table IV. gives the results of the cal-
culations. 
The calculated values of the equilibrium constants show enormous 
variation, especially in the case of the acid, as was to be expected 
from the corresponding variation in the case of simple solutions of the 
acid. Nevertheless observations of the conductivity of the above 
complex solutions, made by Schrader, seem to show that it is only 
1
 Jour, prakt. Chemie (2), 31, 433 (1885). 
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TABLE IV. 
Solutions containing H2SO± and CuSOi% 
Concentration 
with respect to 
^ H 2 S 0 4 
.02753 
.04168 
.05297 
.06326 
.09256 
.13753 
.19605 
.07217 
.15453 
.18043 
^ C u S 0 4 
.06618 
.10446 
.12607 
.11087 
.16702 
.24899 
.34673 
.07135 
.14727 
.14830 
Ionization 
coefficients for 
H 2 S 0 4 
.5928 
.5529 
.5591 
.5605 
.6240 
.6684 
.6415 
.5544 
.6486 
.6704 
CuS04 
.3776 
.3318 
.3156 
.3114 
.2808 
.2445 
.2225 
.3276 
.2525 
.2349 
Equilibrium 
constants for 
H 2 S 0 4 
.00098 
.00165 
.00261 
.00317 
.01003 
.0283 
.0457 
.00316 
.0254 
.0384 
CuS0 4 
.0125 
.0143 
.0160 
.0158 
.0204 
.0247 
.0290 
.0154 
.0232 
.0240 
Transference Ratio — M//jMy2cu 
Ob-
served. 
4.005 
3.677 
3.084 
3.014 
3.391 
3.285 
2.099 
10.417 
3.749 
5.410 
Calcu-
lated. 
4.597 
4.776 
5.339 
7.437 
9.002 
11.223 
12.430 
12.309 
19.639 
25.233 
Differ-
ence. 
+ 0.592 
+ 1.099 
+ 2.255 
+ 4.423 
+ 5.611 
+ 7.938 
+10.331 
+ 1.892 
+15.890 
+19.823 
Diff. per 
cent. 
+ 14.8 
+ 29.9 
+ 73.1 
+146.8 
+165.5 
+241.7 
+492.1 
+ 18.2 
+423.8 
+366.4 
the stronger of his solutions whose conductivity is non-calculable, that 
the above ionization coefficients may thus be regarded as roughly 
approximate mean values, as it were, and consequently that the 
large transference ratio differences are probably for the most part due 
to some other source of error. It may, therefore, be well to ask 
what effect the formation of the acid sulphate would probably have 
on these differences if the mode of ionization were as assumed 
above. 
The disagreement between observed and calculated values of the 
transference ratio, would be due, on the assumption of the forma-
tion of acid sulphate, to errors in both the observed and the calcu-
lated values. Schrader regarded the difference between the con-
centration, with respect to free acid, of the portion of a solution 
surrounding the anode at the beginning and end of each experiment, 
as equal to the number of gramme-ions of hydrogen transferred by 
the current. But as he used copper electrodes and found no de-
velopment of gas at the anode, each gramme-equivalent of the acid 
salt electrolyzed would produce a gramme-equivalent of free acid 
at the anode. Also, as the solution in the neighborhood of the 
anode was continually changing in constitution during an experi-
ment, some acid salt might dissociate non-electrolytically into free 
acid and neutral salt. Hence his estimate of the hydrogen trans-
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ferred would be too small by the number (n) of grm.-equivalents 
of acid salt electrolyzed and the number (m) non-electrolytically dis-
sociated. His values of the transference ratio would therefore be 
too small by amounts increasing with n + ni. 
The calculated values would be in error also ; for in the ex-
pression for the transference ratio, Nx and N2 would be too great 
by iV3, the number of gramme-equivalents of acid sulphate formed 
per liter, and there would have to be an additional term in the 
denominator, + a^N^^fi^. It is perhaps unnecessary to inquire1 
into the relative magnitudes of «3, v3, and the new and old values of 
av av vx and vY For it will be sufficiently obvious that the 
calculated values of the transference ratio must be greater than 
they would be if the presence of acid salt in the solutions were taken 
into account, and greater by amounts increasing with Ny 
The calculated values being too great by amounts increasing with 
NB and the observed values too small by amounts increasing with 
n +m (n, of course, increases with Ng), the differences between 
them will be large and will increase very rapidly with JVS, provided 
m is positive. If m is negative they will, ceteris paribus, increase 
less rapidly, and if m, being negative, becomes large, they may in-
crease slowly or even begin to decrease. Obviously, if the differ-
ences be expressed as percentages of the observed values, the 
errors in the observed values will have double importance given 
them, and in cases in which m is negative and sufficiently large the 
differences will reach and pass a maximum value at an earlier stage. 
Now, as Schrader used copper electrodes, the concentration of his 
solutions, with respect to CuS04, near the anode, must have been 
increasing during each experiment. In the solutions of the first 
division of Table IV., therefore, which contain less acid than salt, 
some of the acid salt present at the beginning would dissociate dur-
ing the experiment, non-electrolytically, into acid and neutral salt, 
i. e.y m would be positive. In this division, therefore, both the ab-
solute and the percentage differences may be expected to increase 
rapidly throughout, as the table shows they do. In the solutions 
of the second division which contain more acid than salt, incre-
1
 This inquiry is made in a communication to the Royal Society of Canada at its last 
meeting, of which the present paper is a shortened account. 
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ment of the concentration with respect to salt would probably re-
sult in the formation of acid salt, i. e.} m would be negative. In 
the last solution which contains a good deal more acid than salt, 
m would be negative and pretty large. The fact, therefore, brought 
out in the table that in the second division the percentage differ-
ences increase rapidly at first and finally reach and pass a maximum, 
becomes quite intelligible. 
The assumption of the existence of acid salt in the solutions 
enables us, therefore, to account in a very complete manner for 
both the sign and the relative magnitude of the differences between 
the observed and calculated values of the transference ratio. 
In the case of the solutions of H2S04 and CuS04 therefore, we 
have neither sufficient knowledge of the constitution of the solutions 
nor sufficient data, to test the applicability^ the dissociation theory. 
But by applying the theory to a tentative conception of their consti-
tution which is known on other grounds to be probably inadequate 
in one important point, we are able to show that the differences be-
tween calculated and observed values are such as the neglect of that 
point would produce. 
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